Solitary chemosensory cells (SCCs) of the nasal cavity are specialized epithelial chemosensors that respond to irritants through the canonical taste transduction cascade involving Gα-gustducin and transient receptor potential melastatin 5. When stimulated, SCCs trigger peptidergic nociceptive (or pain) nerve fibers, causing an alteration of the respiratory rate indicative of trigeminal activation. Direct chemical excitation of trigeminal pain fibers by capsaicin evokes neurogenic inflammation in the surrounding epithelium. In the current study, we test whether activation of nasal SCCs can trigger similar local inflammatory responses, specifically mast cell degranulation and plasma leakage. The prototypical bitter compound, denatonium, a well-established activator of SCCs, caused significant inflammatory responses in WT mice but not mice with a genetic deletion of elements of the canonical taste transduction cascade, showing that activation of taste signaling components is sufficient to trigger local inflammation. Chemical ablation of peptidergic trigeminal fibers prevented the SCC-induced nasal inflammation, indicating that SCCs evoke inflammation only by neural activity and not by release of local inflammatory mediators. Additionally, blocking nicotinic, but not muscarinic, acetylcholine receptors prevents SCC-mediated neurogenic inflammation for both denatonium and the bacterial signaling molecule 3-oxo-C12-homoserine lactone, showing the necessity for cholinergic transmission. Finally, we show that the neurokinin 1 receptor for substance P is required for SCC-mediated inflammation, suggesting that release of substance P from nerve fibers triggers the inflammatory events. Taken together, these results show that SCCs use cholinergic neurotransmission to trigger peptidergic trigeminal nociceptors, which link SCCs to the neurogenic inflammatory pathway.
Solitary chemosensory cells (SCCs) of the nasal cavity are specialized epithelial chemosensors that respond to irritants through the canonical taste transduction cascade involving Gα-gustducin and transient receptor potential melastatin 5. When stimulated, SCCs trigger peptidergic nociceptive (or pain) nerve fibers, causing an alteration of the respiratory rate indicative of trigeminal activation. Direct chemical excitation of trigeminal pain fibers by capsaicin evokes neurogenic inflammation in the surrounding epithelium. In the current study, we test whether activation of nasal SCCs can trigger similar local inflammatory responses, specifically mast cell degranulation and plasma leakage. The prototypical bitter compound, denatonium, a well-established activator of SCCs, caused significant inflammatory responses in WT mice but not mice with a genetic deletion of elements of the canonical taste transduction cascade, showing that activation of taste signaling components is sufficient to trigger local inflammation. Chemical ablation of peptidergic trigeminal fibers prevented the SCC-induced nasal inflammation, indicating that SCCs evoke inflammation only by neural activity and not by release of local inflammatory mediators. Additionally, blocking nicotinic, but not muscarinic, acetylcholine receptors prevents SCC-mediated neurogenic inflammation for both denatonium and the bacterial signaling molecule 3-oxo-C12-homoserine lactone, showing the necessity for cholinergic transmission. Finally, we show that the neurokinin 1 receptor for substance P is required for SCC-mediated inflammation, suggesting that release of substance P from nerve fibers triggers the inflammatory events. Taken together, these results show that SCCs use cholinergic neurotransmission to trigger peptidergic trigeminal nociceptors, which link SCCs to the neurogenic inflammatory pathway.
rhinitis | innate immunity | quorum sensing | chemesthesis | airway irritation T he respiratory tract is continually assaulted by a plethora of irritants and xenobiotics. The nasal cavity serves as the first line of defense against this chemically diverse array of noxious substances (1) and houses parallel systems for irritant detection-trigeminal free nerve endings and solitary chemosensory cells (SCCs)-both of which mediate protective airway reflexes (2) . The dual chemodetector systems allow for responses to irritating substances with widely varied physical and chemical properties (1, 2) . In the current study, we describe the mechanism and mediators by which the parallel warning systems of free nerve endings and SCCs evoke local inflammation and a proinflammatory response in the nasal epithelium.
Free nerve endings of the trigeminal nerve occur throughout the nasal respiratory epithelium and respond directly to many irritants through chemosensitive transient receptor potential (TRP) ion channels (3, 4) . However, these intranasal trigeminal fibers terminate below the level of tight junctions at the surface of the epithelium (5), allowing lipophilic compounds to reach the receptors on the free nerve endings. Accordingly, peptidergic nociceptive trigeminal fibers are responsive to only a subset of potentially dangerous compounds entering the airway.
An alternative means by which irritants can activate the trigeminal system is through the agency of SCCs, which populate the respiratory epithelium of the nasal cavity (6-8). These SCCs extend microvillous sensory processes into the lumen of the nasal cavity and therefore, have access to potential irritants that cannot penetrate the epithelial barrier (6) . SCCs use the same chemosensory transduction cascade as bitter-responsive taste cells, including Gα-gustducin, phospholipase Cβ2, and the monovalentselective cation channel transient receptor potential melastatin 5 (TRPM5) (6, 9) . SCCs respond to both traditional bitter compounds (e.g., denatonium) as well as bacterial metabolites [e.g., the quorum-sensing factor acyl-homoserine lactones (AHLs)] (7). Our previous studies have established that the activation of SCCs evokes protective respiratory reflexes through a well-characterized trigeminally mediated brainstem reflex (6, 7) , suggesting that SCCs synapse onto trigeminal nerve sensory endings. SCCs show an accumulation of small vesicles typically associated with synaptic functions (6) . Presumably, on stimulation, SCCs release a hitherto unidentified neurotransmitter that excites the trigeminal endings. Experiments in the present study suggest that nasal SCCs release acetylcholine to activate nicotinic cholinergic receptors (nAChRs) on the trigeminal nerve fibers, which in turn, evoke a neurogenic inflammation.
Inflammation is classically defined by pre-Galen physicians as the symptoms of sensitivity to pain (dolor), heat (calor), redness (rubor), and swelling (tumor) (10) . The swelling or edema, which characterizes inflammation, results when chemical signals trigger changes in the endothelial cells that compose blood vessel walls, opening junctions between cells and resulting in leakage of plasma into the extracellular space (11) .
Inflammation also can be characterized by the subsequent recruitment and activation of the immune system (12) . Mast cells are components of the innate immune system that reside within
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epithelial tissues, such as the airways, and react to proinflammatory mediators by releasing cytoplasmic granules. These granules contain of a broad array of biologically active substances, including histamine, heparin, proteases, lipid-derived mediators, growth factors, cytokines, and chemokines (12) (13) (14) . Previous studies have established that mast cells release their granules in response to a variety of agents, including neuropeptides such as substance P, that are released from peptidergic nerve fibers (12, 13, 15) . The current study relies on mast cell degranulation as an index of activation of the immune system.
We postulated that stimulation of SCCs with irritants will excite peptiergic trigeminal fibers, ultimately resulting in local inflammation and activation of the innate immune system. Here, we describe the mechanisms and mediators by which different classes of irritants evoke these responses. Specifically, we confirm that peptidergic trigeminal fibers play an essential role in generating the SCC-mediated local inflammatory and early immune responses. Furthermore, we present evidence that SCCs release the neurotransmitter acetylcholine to activate nAChRs on trigeminal fibers. Finally, we show that the substance P released from peptidergic trigeminal fibers is the primary signal that induces both the edema characteristic of local inflammation and mast cell degranulation indicative of an early immune response.
Results
SCCs Are Cholinergic and Contact Peptidergic Nociceptors. Solitary chemosensory cells in the nasal respiratory epithelium are taste cell-like chemosensors, which express key elements of the canonical taste transduction cascade, including TRPM5 and Gα-gustducin (Fig. 1A) (6) (7) (8) . In the trachea, a related cell type, the chemosensory brush cell, releases acetylcholine (ACh) to activate vagal pain fibers (16) (17) (18) , suggesting ACh as a candidate neurotransmitter for SCCs. Similarly, SCCs lining the vomeronasal duct of mice express choline acetyltransferase (ChAT), the synthetic enzyme of acetylcholine (19) . To confirm whether SCCs in the nasal respiratory epithelium express ChAT, we examined the nasal epithelium of a transgenic mouse, which expresses τ-GFP driven by the ChAT promoter (20) . In the nose of these mice, cells immunoreactive for gustducin also express ChAT-driven GFP (Fig. 1B) . This result suggests that nasal SCCs, like tracheal brush cells, are capable of producing ACh for release onto nerve fibers (16, 17) .
The trigeminal nerve fibers that contact the SCCs are immunoreactive for substance P and calcitonin gene-related peptide ( Fig. 1 C and D) , both of which are inflammatory mediators typically coexpressed and released by nociceptive (e.g., pain) fibers (6, 21) . The peptidergic trigeminal nociceptive fibers branch within the epithelium to both contact SCCs and terminate as free nerve endings in nearby epithelium (Fig. 1C) . The anatomical arrangement of SCCs and trigeminal free nerve endings potentially offers dual pathways for trigeminal activation by irritants, because not only the SCCs but also, the free nerve endings themselves are chemosensitive.
Gustducin and TRPM5 Are Required for SCC-Mediated Inflammation.
Direct chemical activation of trigeminal nasal nociceptive nerve fibers with capsaicin evokes neurogenic inflammation (22) (23) (24) . To test the possible role of SCCs in irritant-induced nasal inflammation, we stimulated mice with capsaicin, denatonium (a model compound known to activate SCCs) (9), or 3-oxo-C12-homoserine lactone (3-oxo-C12-HSL), a bacterial quorum-sensing molecule of Pseudomonas aeruginosa and activator of SCCs (7). Capsaicin directly activates peptidergic trigeminal nociceptors through transient receptor potential vanilloid 1 (TRPV1) channels (25, 26) , whereas denatonium and 3-oxo-C12-HSL activate SCCs in vitro and are capable of triggering SCC-mediated respiratory reflexes typical of trigeminal simulation in vivo (7, 9) . Application of capsaicin or either of the two SCC activators to the nasal cavity resulted in a significant increase in two hallmarks of inflammation: plasma extravasation ( Fig. 2 A-C and G and Fig. S1 ) and mast cell degranulation ( Fig. 3 A-C). To test whether the inflammation provoked by denatonium but not capsaicin requires functional SCCs, we tested both compounds on mice with genetic deletion of either of the two elements of the canonical taste signaling cascade. Although both gustducin −/− and TRPM5 −/− mice showed significant plasma extravasation when stimulated with capsaicin, an activator of TRPV1 on the nerve fibers ( Fig. 2C) , neither showed extravasation after exposure to denatonium ( Fig.  2 B and C). These data are consistent with the hypothesis that functional taste-related transduction in SCCs is required for induction of plasma leakage by denatonium but not capsaicin.
Similarly, in TRPM5 −/− mice, SCC-mediated mast cell degranulation was deficient in response to denatonium but not capsaicin ( Fig. 3C ), suggesting that for some irritants, mast cell degranulation also depends on the taste transduction cascade. To test whether genetic deletion TRPM5 reduced the overall capacity for mast cell degranulation, we tested animals of each genotype with the mast cell secretagogue, compound 48/80. Both WT and TRPM5 −/− mice showed similar levels of mast cell degranulation when injected with compound 48/80 (Fig. 3C) . Taken together, these results indicate that SCCs and trigeminal free nerve endings offer dual proinflammatory pathways, detecting different chemicals but ultimately triggering the same local inflammatory response and early immune reactions.
Peptidergic Nociceptive Trigeminal Fibers Are Required for SCCMediated Inflammation. The results above suggest that both SCCs and trigeminal free nerve endings can trigger similar inflammatory and immune reactions (Figs. 2C and 3C ). Conceivably, SCCs might trigger this response independent of the nerve through paracrine intraepithelial signals. Alternatively, SCC-mediated inflammatory and immune reactions might be entirely dependent on the release of neuropeptides from nociceptive trigeminal fibers. To test if peptidergic trigeminal fibers are required for SCCmediated inflammation and early immune response, we ablated peptidergic nociceptive fibers by treating mice repeatedly with resiniferatoxin (RTx) (27) , which destroys TRPV1-expressing peptidergic trigeminal fibers (27) without causing any visible changes to SCCs (Fig. S2) (28) . In RTx-treated mice, capsaicin failed to evoke either plasma extravasation or mast cell degranulation, indicating that the ablated peptidergic trigeminal fibers were necessary for the responses to capsaicin (Figs. 2D and 3D) . If SCCs were capable of triggering an inflammatory response through a paracrine pathway in the absence of innervation, then SCC activators, such as denatonium, should evoke inflammatory responses in the absence of peptidergic nerve fibers. However, denatonium fails to evoke any significant inflammatory response in RTx-treated mice in terms of either plasma extravasation (Fig. 2D ) or mast cell degranulation (Fig.  3D) , affirming the necessity for polymodal nociceptive nerve fibers in these responses. Collectively, these results indicate that SCCmediated local inflammation and early immune response require the presence of peptidergic trigeminal fibers to convey signals from the SCCs to the postcapillary venules and mast cells (29) .
SCC-Mediated Inflammation Requires nAChRs. Our results above show that SCCs require the presence of nociceptive trigeminal nerve fibers to trigger inflammation (Figs. 2D and 3D) . The presence of synapses between SCCs and trigeminal fibers (6) , showed significantly less (P < 0.001) extravasation than WT controls stimulated with denatonium but normal extravasation with capsaicin. (D) Mice treated with RTx to eliminate peptidergic nerve fibers were significantly different from vehicle-treated controls (P < 0.01 and P < 0.001) and showed no significant extravasation to either denatonium or capsaicin. (E) The nAChR antagonist mecamylamine (Mec) significantly reduced denatonium-induced extravasation at both 3 (P < 0.01) and 6 mg/kg (P < 0.001) but did not alter capsaicin-induced extravasation. (F ) The NK 1 antagonist L732138 (5 mg/kg i.p.), which blocks responses to substance P, significantly reduces plasma extravasation in response to both denatonium (P < 0.001) and capsaicin (P < 0.001). (G) Stimulation with the bacterial metabolite 3-oxo-C12-HSL (300 μM) provoked significant (P < 0.001) plasma extravastion compared with saline-stimulated controls. This HSL-induced plasma extravasation was significantly reduced (P < 0.001) by treatment with either the nicotinic antagonist mecamylamine or the NK 1 antagonist L732138, but was not altered by the muscarinic AChR blocker atropine (1 mg/kg). *P < 0.05; **P < 0.01; ***P < 0.001 by one-way ANOVA with Tukey honest significant difference (HSD) test. −/− animals (P < 0.05). Both WT and TRPM5 −/− mice showed degranulation on exposure to the secretagague C48/80. (D) Mice treated with RTx to eliminate nerve fibers showed significantly less mast cell degranulation than vehicle-treated controls to both denatonium (P < 0.001) and capsaicin (P < 0.01) but were still able to respond to compound 48/80 (C48/80), which directly acts on mast cells to cause degranulation. (E) The nAChR antagonist mecamylamine (Mec) significantly reduced denatoniuminduced mast cell degranulation at a dose of 6 mg/kg (P < 0.01). (F) The NK 1 antagonist L732138 (5 mg/kg i.p.), which blocks responses to substance P, significantly reduces mast cell degranulation in response to both denatonium (P < 0.05) and capsaicin (P < 0.05). Bars represent mean + SEM. *P < 0.05; **P < 0.01 by one-way ANOVA with Tukey HSD test.
suggests that the SCCs release a neurotransmitter, which activates the sensory nerve endings. The expression of choline acetyltransferase suggests that nasal SCCs, like vomeronasal duct SCCs (19) and tracheal brush cells (17) , may be cholinergic (Fig. 1B) , and previous studies have shown the presence of nAChRs on nasal trigeminal fibers (30) . To test whether nAChRs are necessary for SCC-mediated effects, we treated mice with mecamylamine, a blocker of nAChRs, and tested responses to denatonium and capsaicin. Mecamylamine significantly reduced responses to denatonium in a dose-dependent manner but had no significant effect on responsiveness to capsaicin (Fig. 2E) , reflecting the necessity for cholinergic neurotransmission for SCC-mediated effects but not direct neural effects (Fig. 2E) . Similarly, mecamylamine significantly reduced the proportion of dengranulated mast cells after denatonium stimulation (Fig. 3E) .
To test whether a similar nicotinic receptor mechanism is used during activation of the SCC system by compounds from a natural source, we tested the necessity for cholinergic transmission in response to stimulation by an AHL quorum-sensing molecule. Mecamylamine significantly reduced plasma extravasation after stimulation by 3-oxo-C12-HSL, showing that nicotinic cholinergic transmission is necessary for responses to this AHL, just as it is for denatonium. Specificity for nicotinic receptors is established, because atropine (1 mg/kg), a muscarinic acetylcholine receptor blocker, had no effect (Fig. 2G) . Taken together, these results indicate that nicotinic but not muscarinic AChRs are required for SCC-induced inflammatory responses.
Neurokinin 1 Receptors Underlie Both Plasma Extravasation and Mast
Cell Degranulation. In other systems, neural-induced plasma extravasation depends on the release of substance P or neurokinin A from nerve fibers, acting on neurokinin 1 (NK 1 ) or neurokinin 2 receptors, respectively, on the endothelial cells (11) . Because the trigeminal polymodal nociceptors of the nasal cavity express substance P, we used the NK 1 antagonist L732138 to test whether NK 1 receptors are required for irritant-induced inflammation. If so, than blocking NK 1 receptors on the final common effector pathway should prevent plasma leakage and mast cell degranulation, regardless of the avenue of activation by the irritant (i.e., through SCCs or TRP channels on free nerve endings).
For both denatonium (P < 0.001) and capsaicin (P < 0.001), an injection of the antagonist L732138 (5 mg/kg i.p.) significantly reduced plasma extravasation compared with the vehicle-injected controls (Fig. 2F) . The level of denatonium-evoked plasma extravasation in mice treated with the NK 1 antagonist was not significantly different from control mice stimulated with saline (Fig. 2F) . Additionally, L732138 treatment prevented plasma extravasation induced by the bacterial metabolite 3-oxo-C12-HSL (Fig. 2G ). This antagonist also prevented mast cell degranulation in mice stimulated with either denatonium or capsaicin (Fig. 3F) . Taken together, these results indicate that NK 1 activation is necessary for both irritant-induced plasma extravasation and mast cell degranulation, regardless of whether the irritant acts through SCCs or directly on the nerve.
Discussion
Our results delineate the mechanism by which chemical activation of nasal epithelial chemosensors, SCCs, can evoke inflammation in the absence of an Ig-mediated response. SCCs use the canonical taste transduction cascade to generate responses to diverse noxious and innocuous airborne or bacterially derived substances. The SCCs then release the neurotransmitter ACh to activate nAChRs on peptidergic trigeminal nerve fibers within the epithelium (Fig. 4) . Intramucosal collaterals of these nerve fibers, in turn, release substance P to activate NK 1 receptors on the endothelial cells and mast cells, resulting in plasma leakage from the vessels and mast cell degranulation, respectively (Fig. 4) . Because plasma extravasation and mast cell degranulation are hallmarks of early inflammatory states, this pathway provides an avenue by which nonallergenic irritants can evoke nasal inflammation.
Parallel Pathways for Airway Irritation. In the airway, multiple pathways exist to trigger inflammatory responses to potentially dangerous substances. IgE-(31), nociceptor neural-, and SCCmediated pathways may initiate a response to different types of irritating substances, but all three converge onto common downstream mechanisms. Additionally, although some elements of these pathways are convergent, portions of each may act independently. The existence of parallel proinflammatory pathways allows for a broadly tuned and redundant warning system for protection of the airway.
The best described airway proinflammatory pathway is IgEmediated type I immune hypersensitivity, which underlies allergic rhinitis (31) . Typically, the xenobiotics that activate the IgE pathway are large macromolecules, such as proteins in pollen (31) .
A second proinflammatory pathway involves stimulation of peptidergic nociceptive nerve fibers, which respond directly to diverse irritants through chemosensitive TRP channels. However, trigeminal nociceptive endings, being situated beneath the surface of the epithelium, are limited in the types of noxious compounds to which they can respond. Specifically, lipophobic compounds in the lumen of the nasal cavity are largely incapable of crossing the epithelial barrier to reach the underlying nerve fibers. After they are activated, nociceptive fibers evoke neurogenic inflammation through an axon reflex mechanism-the release of neuropeptides from both the stimulated terminals and collateral branches of the same axon (3). The peptides calcitonin gene-related peptide and substance P released by axon reflex have multiple effects, including sensitization of nociceptors (1, 3), inflammatory edema (Fig. 2F) , and mast cell degranulation (Fig. 3F) . Substance P, released from peptidergic nociceptors, is capable of causing inflammation through NK 1 receptors on Fig. 4 . Parallel pathways for airway irritation. SCCs (green) respond to bitter substances, such as denatonium and bacterial metabolites, through the canonical taste transduction pathway. SCCs release ACh, which activates nAChRs on nociceptive trigeminal nerve fibers (white) that innervate the SCCs. These nociceptive trigeminal fibers also express TRPV1 and TRPA1, two chemosensitive ion channels that are responsive to irritants, such as capsaicin. Regardless of whether the nociceptive fiber is activated directly through TRP channels or indirectly through SCCs, the collateral terminals release inflammatory mediators. One of these mediators, substance P (SubP), activates NK 1 receptors on blood vessels (red), resulting in plasma extravasation, and mast cells (blue), causing degranulation. (Inset) Irritants stimulate G proteincoupled receptors (GPCRs) to activate the βγ-subunit associated with α-gustducin, thereby producing inositiol trisphosphate (IP 3 ) through a phospholipase Cβ2 (PLCβ2) -mediated cascade. In turn, IP 3 binds to the type 3 IP 3 receptor (IP 3 R3), releasing Ca 2+ from the endoplasmic reticulum. Increases in cytosolic Ca 2+ activate TRPM5, a nonspecific cation channel, and lead to depolarization and release of ACh.
blood vessel walls and mast cells (Figs. 2F and 3F) (32) . Thus, substance P release links nociceptive nerve fibers to the immune system through mast cells (12, 33) .
SCCs form the third proinflammatory pathway of the airway. In contrast to nerve fibers that are beneath the epithelial surface, SCCs extend their apex into the lumen of the nasal cavity. Metabolites and bacterially produced quorum factors activate SCCs through the canonical taste transduction pathway (7) . When stimulated by these compounds, SCCs release ACh, which activates peptidergic trigeminal nociceptors through nAChRs (Fig. 2E) . Trigeminal sensory neurons express 10 nAChR subunits (α2-α7, α9, and β2-β4) (30, 34) . Of these subunits, α3, α4, and α6 are expressed in peptidergic sensory cells (35) . In the brush cell-mediated irritant detection system in the trachea, ACh release from brush cells activates α3α5β4 nAChRs on vagal peptidergic nociceptors (17) . Which nAChR subunits are involved in the nasal cholinergic responses remains to be clarified.
Having a specialized epithelial cell mechanism for detection of bacterial metabolites in the lumen of the airway allows the trigeminal system to respond to potentially pathogenic bacteria before the bacteria have achieved a sufficient density to transform their phenotype and coalesce into tenacious biofilms (7) likely to cause tissue damage. SCCs are entirely dependent on peptidergic nerve fibers to convey their proinflammatory signal (Figs. 2D and 3D) . Activation of the trigeminal system by ACh results in substance P release (Figs. 2 E-G and 3 E and F), which can lead to inflammation and immune system response (12) . However, SCCs may also release ACh in a paracellular manner to trigger local defenses in the airway, such as increasing ciliary beat frequency, mucus secretion, and nitric oxide release (36) , which occurs independent of trigeminal innervation.
Although the IgE-, neuronal-, and SCC-mediated proinflammatory pathways are parallel, all three converge on blood vessels and mast cells to trigger inflammation. These convergences allow for interactions between the three pathways that could lead to sensitization.
Mast Cells-A Node in the Inflammatory Signaling Cascade. Mast cell degranulation can underlie many of the symptoms of inflammation by release of signaling molecules (12) . All three of the parallel inflammatory pathways of the airway can trigger mast cell degranulation, allowing for modulation or sensitization of inflammatory symptoms (12) . Mast cells have been implicated in the recruitment of other immune cells (37) (38) (39) , and therefore, mast cell degranulation could recruit other elements of the innate immune system to fight invasive bacteria and prevent additional damage to the epithelium. Many of the mediators released from mast cells have a synergistic effect on inflammation, creating positive feedback, which could lead to pathological inflammation (12, 31, 40) 
related to nonallergic rhinitis (NAR).
SCCs, One Component of the Airway Chemofensor Complex. Since the initial reports of taste-like chemosensory transduction elements in SCCs, other investigators have reported potential protective roles for similar transduction elements in other cell types of the airway (17, (41) (42) (43) . For example, stimulation of ciliated cells of the respiratory epithelium in the nose or trachea seems to promote protective mechanisms, such as the production of reactive oxygen species and antimicrobial peptides (41) . Similarly, taste receptors in tracheal smooth muscle may also have a protective effect (43, 44) . These discoveries have necessitated expansion of our conceptualization of the chemical senses. In recognition of this shifting paradigm, the term chemofensor complex was suggested to refer to chemoreceptors that alert an organism to harmful xenobiotics and toxic chemicals (45) .
Multiple elements of the chemofensor complex (45) are capable of detecting a single compound. For example, the quorum-sensing molecule produced by P. aeruginosa, 3-oxo-c12-HSL (46), can activate both SCCs (7) and ciliated respiratory epithelial cells (41, 47) . Calcium imaging experiments with dissociated murine nasal epithelium show that 3-oxo-c12-HSL activates SCCs (7). Similar experiments on both human and murine respiratory epithelium show that ciliated cells are also capable of responding to 3-oxo-c12-HSL (41, 47) . In contrast to 3-oxo-c12-HSL, denatonium, the model compound used in the present study, seems to activate only SCCs (9) and not ciliated epithelial cells (41) . Taken together, these reports indicate that the airway chemofensor complex consists of redundant mechanisms capable of detecting bacterial metabolites. However, although multiple cell types seem capable of responding to bacterial metabolites, only SCCs release ACh to trigger inflammation by activating nociceptive nerve fibers.
SCC Overstimulation-A Possible Pathology for Nonallergic (Idiopathic) Rhinitis? In the present study, we show that stimulation of SCCs triggers a proinflammatory pathway reflecting common features with idiopathic NAR (11, (48) (49) (50) . Patients with NAR, similar to patients afflicted with asthma or chronic obstructive pulmonary disease (COPD), report hyperresponsiveness to normally benign odorants (51), including many chemicals that activate SCCs (52) . Essentially, our data elucidate a pathway by which commonly encountered chemicals and xenobiotics could lead to a chronic inflammatory state independent of an IgE-mediated mechanisma prerequisite for any proposed cause of NAR. If SCCs are involved in creating or exacerbating the hyperinflammatory state of NAR, then nicotinic antagonists or NK 1 antagonists may provide relief, whereas use of muscarinic antagonists, commonly used in the treatment of asthma, would be ineffective. Even when taken with the important caveat that SCCs have yet to be linked to inflammation in the human airway, our study raises the possibility that similar cells in the humans (8, 36) may be involved in NAR.
Summary. The current study shows that activation of SCCs in the nasal epithelium of mice can lead to a rapid neurogenic local proinflammatory response. This fast proinflammatory response is potentially a defense mechanism to alert the downstream immune and inflammatory systems of a potential danger. On exposure to an irritant, SCCs release ACh, which activates nAChRs on peptidergic trigeminal nociceptors and in turn, releases substance P. This peptide then activates NK 1 receptors to produce inflammatory edema and mast cell degranulation, consistent with the inflammation observed in individuals with chronic NAR.
Materials and Methods
RTx Ablation of TRPV1-Expressing Nerve Terminals. To eliminate nerve endings containing the TRPV1 receptor, we used an established protocol (27) entailing multiple injections of the potent capsaicin analog, RTx. Mice were anesthetized with isoflurane and injected s.c. with increasing doses of RTx followed by a single final injection of 200 μg/kg RTx 11 d after the initial injections. Histological examination of nasal epithelium and cornea showed elimination of nearly all peptidergic nerve fibers after this treatment (Fig. S1 ).
Plasma Extravasation. After anesthetization with 1.0 g/kg urethane (Sigma), mice were exposed to 20 μL saline (control), 1, 3, or 10 mM denatonium (Fig.  S1 ), 2 μM capsaicin, or 300 μM 3-oxo-C12-HSL, all applied dropwise to the right naris. Five minutes after nasal stimulation, mice were injected in the tail vein with 25 mg/kg fluorescent albumin-A555 in saline. Then, 10 min later, they were perfused with saline followed by fixative. The heads were bisected in the midsagittal plane, and the nasal septum was removed. Photos were taken of the left and right nasal turbinates, and fluorescence intensity was quantified using ImageJ. Each experiment was analyzed by a one-way ANOVA and subsequent Tukey HSD test.
Mast Cell Degranulation. To determine the ratio of degranulated to nondegranulated mast cells, we used toluidine blue staining of nasal epithelia from mice that had been stimulated retronasally by potential irritants. Mice were first anesthetized with 1 g/kg urethane, and a two-way tracheotomy was performed as described previously (7) . Denatonium benzoate (10 mM), capsaicin (2 μM), or saline was passed retronasally to stimulate the nasal cavity. After 10 min, mice were perfused, and the respiratory epithelium was dissected free, stained with acidified toluidine blue, and mounted on slides.
